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1.0      Introduction 

The Key West Campaign was undertaken as a part of the Coastal Benthic Boundary Layer (CBBL) 
research program, which is a 5-yr Office of Naval Research program conceived to physically 
characterize and model benthic boundary layer processes and assess the impact of these processes 
on seafloor properties that affect shallow-water naval operations (Richardson 1995). The carbonate 
sediments of the Florida Keys represent an important site in which to study the effects of 
environmental processes on the sediment properties that impact naval mine countermeasures 
(MCM) operations. Indeed, carbonate environments are commonly found in coastal regions which 
are potential world trouble spots where MCM operations can be of critical importance. The Florida 
Keys is the only area in U.S. waters that provides an environmental analog to a tropical, carbonate, 
sedimentary environment. 

Over 100 scientists participated in the collection of geological, geoacoustic, biogeochemical, and 
oceanographic data in the waters of the western Florida Keys in February 1995. Collection of 
sediments and deployment of scientific hardware in these waters was conducted under permits 
issued by the U.S. Park Service and the National Oceanic and Atmospheric Administration. Data 
collection was confined to areas near the Marquesas Keys, Rebecca Shoal, and the Dry Tortugas 
(Fig. 1.1). In addition to the main experiment conducted in February 1995, a survey of potential 
experiments sites was undertaken in February 1994 by scientists of the Naval Research Laboratory 
(NRL) and the U.S. Geological Survey (USGS) to concentrate the efforts of the scientists 
participating in the 1995 experiment on a few localized sites. 

This data report presents the results of sediment property and geoacoustic measurements collected 
during both 1994 and 1995 by five NRL scientists: Kevin Briggs, Dawn Lavoie, Kevin Stephens, 
Michael Richardson, and Yoko Furukawa. The report is divided into subsections exclusively 
devoted to the results of each of the authors. Preceding the results is the Materials and Methods 
section, which is similarly divided into subsections describing the unique methodology pertaining 
to each author's effort. Each Results subsection is prefaced by a map of the investigated areas that 
includes locations of the cores or deployments of equipment from which data are presented 
subsequently in that subsection. Kevin Briggs presents the data collected from diver cores, diver 
vane shear tests, and diver stereo photography. In addition to diver cores, two gravity cores from 
the 1994 survey are presented in his results. Dawn Lavoie and Kevin Stephens present their data 
collected from gravity cores and the Duomorph In Situ Acquisition System (DIAS). Michael 
Richardson presents in-situ geoacoustic data gathered from the In-Situ Sediment Acoustic 
Measurement System (ISSAMS), the Gradient-ISSAMS (GISSAMS), and Neptune. Yoko 
Furukawa presents the results of her measurements of geochemical properties and x-ray diffraction 
from diver and box cores. Other results collected by NRL scientists, such as acoustic sediment 
classification data, as well as results yet to be completed by the authors are not reported here, but 
will be presented in subsequent publications. 
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2.0 Materials and Methods 

2.1 Diver Cores, Vane Shear and Bottom Roughness Measurements (Briggs) 

2.1.1 Core Collection and Geoacoustic Measurements 

Geoacoustic and physical property measurements were made on 6.1-cm diameter polycarbonate 
plastic cylindrical cores cut at 45-cm lengths. Each core was beveled at one end to facilitate manual 
penetration into the sediment. Cores were capped at both ends immediately upon collection (to 
retain the water overlying the sediment) and kept in an upright position during transport to the 
laboratory for analysis. Collection, measurement, and handling procedures were designed to 
minimize sampling disturbance and to maintain an intact sediment-water interface within the core 
samples. Compressional wave velocity and attenuation were measured in the laboratory at 400 kHz 
for 19 diver collected cores using a pulse technique (Richardson 1986; Richardson et al. 1986). 
Measurements were made at 1-cm intervals by transmitting the pulse through the core liner with 
oil-filled rubber transducer-receivers. Sediment compressional wave velocity was also expressed as 
the ratio of measured compressional wave velocity in sediment to measured compressional wave 
velocity in the overlying water in the core (Vp ratio). Sediment compressional wave attenuation 
measurements were calculated as in Richardson (1986) and expressed in units of dB m'1 kHz'1; this 
corresponds to the constant k reported in tables in the Results (Hamilton 1972). Attenuation plotted 
in the Results are reported as dB m"1. 

2.1.2 Physical Property Measurements 

Porosity was measured at 2-cm intervals on the same cores using weight loss from samples in a 
drying oven at 105°C for 24 h. Samples were cooled in a desiccator and reweighed. Average grain 
density was determined with a Penta-Pycnometer on selected samples. Porosity was calculated 
after Lambert and Bennett (1972). Values of porosity reported in tables and plotted in the Results 
were not corrected for pore water salinity. Salt-free porosit;. values may be calculated by 
multiplying reported values by 1.012. Sediment bulk density appearing in tables and plots in the 
Results was calculated from values of sediment porosity, water density, and average grain density 
(Briggs 1994). Void ratio (e) was calculated by dividing the porosity value by the difference 
between 100 and the porosity value. 

Sediment grain size was determined at 2-cm intervals from disaggregated samples by dry sieving 
with a sieve shaker for gravel- and sand-sized particles and on separate, undried samples by use of a 
Micromeritics Model 5000 Sedigraph for silt- and clay-sized particles when samples were collected 
from muddy environments. Prior to size fractionation, sediment samples were soaked overnight in 
200 ml of dispersant solution (2.5 g of sodium hexametaphosphate per liter of distilled water), then 
disaggregated by sonicating the sample with an ultrasonic disrupter for 12 min while stirring with a 
magnetic stirrer. The disaggregated sample was wet-sieved with dispersant through a 62-um screen 
to separate the sand-sized fraction from the silt- and clay-sized fraction.   The finer fraction was 



collected in a 1000-ml graduated cylinder, and enough dispersant was added to fill the graduated 
cylinder to 1000 ml. The coarser fraction was rinsed off the screen into a beaker with distilled 
water and then dried. 

The dried, coarser fraction was fractionated into quarter-phi intervals with a sieve shaker and each 
fraction was individually weighed to determine the gravel- and sand-sized particle distribution. 
Grain size is expressed as phi units ($), or the negative of the base-two logarithm of the particle 
diameter in millimeters.   The silt- and clay-sized fraction was thoroughly agitated by vigorous 
stirring and aeration. A 20-ml aliquot sample representative of the total distribution of particles in 
suspension was pipetted from the graduated cylinder and into a preweighed beaker, dried in an 
oven, and weighed. Fine particle fractionation for sediments with 5% or less estimated silt and clay 
by weight was accomplished by taking a 20-ml aliquot at the appropriate time and depth within the 
graduated cylinder prescribed by Folk (1965) for the silt-clay break (8 phi). Subtraction of the 8- 
phi weight from the total weight yielded the silt weight. The silt weight was separated into eight 
equal half-phi intervals and the clay weight was separated into six equal whole-phi intervals. For 
samples with significant (>5% by weight) fine particle fractions, the fines were allowed to settle for 
5 days before 20-ml aliquot samples were pipetted from the appropriate depths in the cylinder and 
into preweighed beakers, dried, and weighed to estimate the weight of clay-sized particles in the 10 
to 11, 11 to 12, and 12 to 14 phi intervals. At the conclusion of 6 days of settling, all particles 10 
phi and coarser were near the bottom of the graduated cylinder. At this time, the supernatant was 
slowly siphoned into another graduated cylinder, leaving the settled particles and about 200 ml of 
dispersant and sample.   The supernatant volume was recorded.   A 20-ml aliquot sample was 
pipetted from the supernatant after agitation, dried, and weighed to estimate the weight of the 
remaining particles finer than 10 phi. Finally, the sample remaining in the graduated cylinder was 
sonicated and stirred for 12 min in a beaker prior to size determination with the Micromeritics 
Sedigraph.  The Sedigraph determines the concentration of silt- and clay-sized particles in liquid 
suspension at various depths in a sample cell by means of a finely collimated, horizontal x-ray 
beam.    The concentration was presented in the form of a cumulative "percent-finer-than" 
distribution trace in relation to the Stokesian diameter of the particles. 

Grain size distributions were analyzed and plotted as weight percent histograms and cumulative 
weight percent for all phi sizes through 14 phi. The fraction finer than 12 phi was equally divided 
between the 12 to 13 phi and 13 to 14 phi intervals to reduce skewing effects of lumping all fines 
into one bin. The mean grain size and sorting coefficient were calculated according to the graphic 
formula of Folk and Ward (1957). Sediments were divided into size classes of gravel, sand, silt, 
and clay using the Wentworth scale. These statistics are reported in tables and histograms in the 
Results. 

2.1.3    Vane Shear Measurements 

In-situ shear strength was measured with a diver-operated vane shear device with a vane blade 21.9 
mm high by 21.9 mm in diameter. Torque was measured using a hand tool with a graduated torque 
scale and converted to shear strength using the assumptions and equation of Monney (1974). The 



component of the torque attributed to friction between the rod and the sediment was subtracted 
from the total measured torque before calculating the shear strength. The frictional component was 
determined by performing identical torque tests with a vaneless rod. Corrected shear strength 
values for each trial are reported in tabular form in the Results. 

2.1.4    Bottom Roughness Analysis 

Stereo photographs of the sediment surface were made with a Photosea 2000 35-mm underwater 
stereo camera and a 100-Joule Photosea 1000 underwater strobe mounted in a molded fiberglass 
diver module. The diver module was mounted in a rigid 2.54-cm nominal diameter PVC frame to 
maintain constant focal distance and orientation with respect to the bottom. Two Nikon 28-mm 
water-corrected lenses were separated by 61 mm in the Photosea stereo camera system, yielding a 
57.2 x 65.9-cm overlap area at the 91-cm focal distance from the camera to the bottom. Orientation 
of the photographs was determined by photographing a diver's compass on the sea bottom as the 
first photograph of a photographic transect along a tape measure previously laid down on the sea 
floor by divers. Transects were followed for approximately 15 m. Stereo photographs were 
collected of a sea floor unmodified by divers (stations 128 and 145), a sea floor gouged by divers 
(photographs 145-33 and 145-34), and a sea floor smoothed by divers (station 160). 

All stereo photographs were recorded on 10-m strips of Kodak Ektachrome 64 film. The stereo 
photographs were processed as continuous rolls and examined for clarity and exhibition of 
representative features of the experiment site. Measurement of bottom roughness was 
accomplished with the phoiogrammetric analysis of stereo photographs by digitizing relative height 
measurements at regularly spaced intervals using a Benima (Hasselblad) AB photogrammetric 
stereocomparator. Photogrammetric software provided by Benima corrected the measurements for 
distortion caused by refraction in seawater and lens aberrations. Use of the stereocomparator 
allows high-frequency sampling of bottom roughness with an accuracy of nearly 0.1 mm. The 
relative orientation calculation in the photogrammetric software performed a de facto least-squares 
de-trending operation on the digitized height data. From each of 18 stereo photographs, three 
parallel, 53.34-cm-long relative height profiles were digitized in the same azimuthal orientation as 
the tape measure. The three profiles are labeled A, B, and C in the Results. RMS roughness values 
for each profile were calculated as the standard deviation of the relative height measurements. 



2.2      Gravity Core and DIAS Measurements (Lavoie and Stephens) 

2.2.1    Gravity Core Collection and Index Property Measurements 

Gravity cores were collected using an NRL hydroplastic gravity corer in February 1995 aboard 
the R/VPelican in water depths of 25-30 m. The core pipe was 3-in diameter, schedule 40 PVC 
in 10 ft lengths. The gravity corer was lowered until the core cutter was 10 ft from the sediment- 
water interface and then allowed to free-fall to the bottom. The recovered core was removed from 
the gravity corer, the excess pipe cut off, and the top plugged with styrofoam and sealed while 
still upright to preserve the top. The core ends were later sealed with paraffin wax to prevent loss 
of water. Also, four gravity cores collected in February 1994 aboard the Columbus Iselin are 
included. The cores collected in February 1994 have the prefix KW, while those collected in 
February 1995 have the prefix KW-PE-GC. 

The cores were logged for compressional wave velocity and wet bulk density using Texas A&M 
University's Schultheiss core logger (Boyce 1976). The compressional wave velocity transducers 
were calibrated to distilled water at 20°C and the gamma ray detectors were calibrated to 
aluminum rods. The cores were then either extruded or split and subsampled at 10-cm intervals 
for grain size and 2-cm intervals for grain densities, wet bulk densities, and calcium carbonate 
content. 

Wet bulk densities and grain densities were measured using Quantachrome multi-pycnometer 
and ultrapycnometer-1000 helium gas pycnometers (Quantachrome 1995). The pycnometers 
were calibrated using stainless steel spheres and checked with Ottawa sand and powdered quartz 
crystal standards. Samples were dried at 105° C for 24 h prior to grain density measurements. 
Weights used in determining densities were measured with a Mettler AE160 balance. The 
densities are accurate to + 0.005 g/cm3 and are reported to two decimal places. 

Porosity (n) and water content (w) were calculated from grain density, wet bulk density, and 
water density (1.024 g/cm3) measurements. Void ratio (e) was calculated from porosity values. 

n = (DG-p) / (DG-DW) * 100 

w = (DW/DG)*e*100 

e = (n/100)/(l-(n/100)), 

where DG = grain density, DW = water density, and p = wet bulk density. 

Porosities, water contents, and void ratios are all reported to two decimal places. Calcium 
carbonate content (% carb.) was measured with a carbonate bomb and is reported to two decimal 
places (Presley 1975). 



Grain size was measured by the pipette method for silt- and clay-size particles and sieve method 
for gravel- and sand-size grains. The sand fraction was sieved at quarter phi intervals (-2<p to 4q>) 
and the silt/clay fraction measured at whole phi intervals (4cp to 9cp). The silt/clay boundary used 
was 89. Mean grain size (MGS) was calculated by Folk's Graphic Mean (Folk 1974). 

2.2.2 DIAS Data Collection 

DIAS is an alternate technology requiring a single duomorph probe for measuring shear modulus in 
situ. The DIAS system consists of a duomorph probe, bottomside electronics housed in a pressure 
canister, and topside electronics hardwired to the underwater portions of the system. 

The duomorph probe is a bending plate device that is vibrated and the resulting deflections 
measured. The device consists of a stainless steel plate sandwiched between a pair of piezoceramic 
crystals with metallic strain gauges glued to the center of each crystal (Fig. 2.1). The piezoceramic 
crystals are low-power, electromechanical transducers capable of converting electrical energy to 
mechanical energy and vice versa. When stimulated by an alternating current, the duomorph 
vibrates in a parabolic fashion. The ratio between the unconstrained bending of the duomorph in 
air and the constrained bending in sediment is a function of the sediment dynamic modulus. 

The data acquisition system consists of top-side electronics, bottom-side electronics, and probe 
electronics. The top-side electronics, a personal computer running custom-designed -software, 
provides data storage, signal display, system control, and data analysis functions. Communications 
to the bottom-side electronics are provided by an RS-422 serial interface. 150VDC power is 
provided by a commercial switching DC power supply. A junction box interfaces the computer and 
power supply to the 100-m umbilical cable. 

Bottom-side electronics include an IBM compatible, single-board computer that receives control 
information over the RS-422 bus and performs the requested operations, a 12-bit A/D board, a 
programmable function generator, and a custom built amplifier. Generally, the probe is driven by a 
40-V peak-to-peak 250-Hz sine wave. The frequency is chosen to stay below probe resonance and 
the amplitude is chosen as a tradeoff between overdriving the ceramic, which causes decoupling 
with the sediment and signal digitization resolution. 

The DIAS system was used to measure in situ shear modulus in the Dry Tortugas and Marquesas 
sediments with the aid of divers pushing them to the required depths. The probes were allowed to 
equilibrate before measurements were recorded. Shear wave velocity was calculated using 
measured bulk density. 
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Figure 2.1  Schematic diagram of the duomorph sandwich. The 
piezoceramic crystals are arranged with the polarities in the same 
direction. Strain guages are centered on each crystal. The sandwich is 
excited with an alternating current which results in the parabolic vibration 
of the duomorph sandwich. The amplitude of the deflection is measured 
using the strain gauges. 



2.2.2.1 Data Reduction 

The methods used to reduce the sampled data are outlined below: 

1. Phase and amplitude of the input and output voltages are measured by exciting the potted 
duomorph in air. 

2. The amplitude of the in situ wave forms are directly proportional to the voltage; the displayed 
wave form on the computer represents the amount of dynamic strain detected by the strain gauges. 
The ratio of the voltage in the air to the sediment was used in the following equation to determine 
the modified moment ratio: 

Mc 

Mo 

(es/ea) - k 

1-k 

where 
es is the voltage (strain) in sediment under a load, 
ea is the voltage (strain) in air, and 
k is the electromechanical coupling coefficient, a measure of the piezoelectric effect. It is a 

constant dependent on disk design (for the duomorph with a 0.008-cm steel plate, k = -0.664) (Briar 
et al. 1976). 

1 2ß hz(hz+1)(2 + Es t/Ez hz) 

k" h2[l + (Es/Ez-l)(t/h)3]      ' 

where 
ß = 0.5 (1 + hm/hz) = 0.86364, 
hz = thickness of the piezoceramic crystal, 
t = height of the duomorph overall, 
Es = Young's modulus of steel plate, and 
Ez = Young's modulus of the piezoceramic crystal. 

The modified moment ratio, 
MC 

, is a complex value having both magnitude and phase.   A 

nomograph has been constructed that is essentially two curves sharing a common independent axis 
M' for each value of the independent variable, tan ((>. This allows us to quickly find values of M' 
and tan § used in the calculation of the sediment elastic modulus, E'. 

M'D 
E' = 

a3   ' 

where a is the radius of the duomorph and D is the disk flexural rigidity. 



Shear modulus, G, and shear wave velocity, Vs, are determined as follows: 

E" = E' tan<|> 

E* = VF+E" 

E* 
G= (from Hamilton 1971), 

v is Poisson's ratio and is estimated to be -0.48 for Key West samples. 

where p is the measured density. 

2.3      In-Situ Geoacoustic Measurements (Richardson) 

In-situ measurements of sediment geoacoustic properties (compressional wave velocity and 
attenuation and shear .wave~velotity)..were made with three systems:. ISSAMS, operated irorn 
aboard ship for measurement of surficial geoacoustic properties; and two diver-operated systems 
designed to measure gradients of shear wave velocity (GISSAMS) and compressional wave 
velocity and attenuation (Neptune). The operation of each is briefly described below, followed 
by a description of sampling locations occupied in the carbonate sediments of the Florida Keys. 
Data are presented in tabular form as well as maps of the areal distribution of values of 
geoacoustic properties and plots of the vertical gradients of shear and compressional wave 
velocity. 

2.3.1 ISSAMS: In-Situ Sediment Acoustic Measurement System 

ISSAMS Mechanical Description: ISSAMS is an aluminum and stainless steel structure used to 
hydraulically deploy geoacoustic and geotechnical measurement probes in coastal marine 
sediments (Richardson et al. 1994; Griffin et al. 1996). The large size (3 m high, 2 m square 
footprint) and weight (approximately 1 metric ton) are required to make measurements over the 
variety of sediments found in coastal marine waters. The outer frame acts as a guide for a 
hydraulically driven inner frame to which four compressional and four shear wave probes are 
mounted. The inner frame has a 60-cm stroke allowing the probes to be completely drawn into 
the protective outer frame at any time during deployment. Once the ISSAMS is placed on the 
seafloor, probes are pushed into the sediment at depths ranging between 0 to 50 cm. This allows 
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for gradient measurements to be obtained. The inner frame allows for probe mounting 
separations of 40 to 110 cm. Around the entire base of the structure is a 30-cm-wide plate that 
serves a dual purpose. When ISSAMS is deployed on a soft mud, this plate increases the surface 
area to better distribute weight and keep ISSAMS from sinking into the sediment. On hard 
packed sands, however, the plate serves as a surface for attachment of additional weight to help 
insert the eight geoacoustic probes into the sediment. 

ISSAMS Electronics: ISSAMS electronics consists of both top-side and bottom-side electronic 
suites connected by a single, electromechanical coaxial cable. The top-side system provides 
remote control, system power, storage, and display. An IBM-compatible computer system 
provides control, display, signal analysis, and storage. Standard NTSC color television and VCR 
are used to display and store real-time video of the deployment of the system and movement of 
the probes into the sediment. A commercially available 20-amp, 200 VDC switching power 
supply is used to provide 150 VDC power to the bottom-side electronics. The only custom 
components are a low-pass filter to reduce power supply switching noise and an interface box 
that combines/separates data, video, and 150 VDC power. The interface box accepts filtered 150 
VDC power and an RS-422 data stream from the top-side computer, converts the RS-422 to 
FSK, and then combines the two signals. Output from the interface box is RS-422 data 
converted from the bottom-side FSK signal and NTSC video on a 64 MHz carrier (channel 3). A 
custom written software program integrates the system operation. 

The ISSAMS bottom-side electronics "consists of a hydraulic power pack, bottom-side interface 
electronics, Seabird CTD, black-and-white camera, color camera, a 24 VDC sea battery, 
computer system, and power amplifier. Most bottom-side electronics are housed in four pressure 
canisters. The sea battery, the CTD, and the cameras are separate, commercially available units 
for which interfaces have been developed. The hydraulic power pack consists of a 24-VDC- 
powered hydraulic motor located in a pressure canister. Control commands from the topside are 
received by the bottom-side computer, which controls the hydraulic motor. Position feedback 
information is provided by a potentiometer built into the hydraulic cylinder. Limit switches are 
located at the top and bottom stroke of the inner frame to stop the frame from moving past preset 
positions. An additional feature of the hydraulics system is automatic retraction of the probes 
from sediment if the 150 VDC top-side power is lost. This is a safety mechanism to protect the 
probes from being destroyed if an electronics failure occurs when the probes are in the sediment. 
Power to run the hydraulic motor is provided by the sea battery. 

The interface electronics consists of an assortment of electronics. Included in this canister is an 
FSK modem, hydraulic control relays, DC-DC power converters, video amplifiers, and video 
modulators. The FSK modem converts the RS-422 data from the bottom-side computer to an 
FSK signal and converts the FSK signal from the top-side computer to an RS-422 data stream 
that the bottom-side computer accepts. The DC-DC power converters reduce the 150 VDC to the 
various DC voltages required by the bottom-side electronics. The hydraulic control relays 
perform the hydraulic control discussed in the above paragraph. These are not included in the 
cylinder with the hydraulic motor due to the flammable nature of the hydraulic fluid. Lastly, the 
video modulators and video amplifiers condition the signals from the cameras for transmission to 
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the topside. Control circuitry selects the desired camera, since the color camera is pointed 
downward to provide a view of the sediment, and the black-and-white camera is directed 
horizontally to provide a view of probe position. 

The amplifier electronics are housed in a separate canister. Programmable gain amplifiers (0 - 60 
dB) are used to amplify the probe received signals. This is in addition to the 40 dB of gain that 
each probe's preamplifier provides. Transmit probes are driven by a 350-watt power amplifier. 
These amplifiers are conduction-cooled to prevent thermal damage. 

The bottom-side digital electronics system controls the functionality of ISSAMS. This unit 
contains a function generator, two 12-bit, 1 Msample/s A/Ds, one low-speed, 12-bit A/D, a 
parallel I/O card, and an IBM-PC-compatible computer system. The software running on this 
computer can control the pulse length, frequency, and amplitude of the transmitted shear or 
compressional wave signals. Signals from 20 Hz to 100 kHz are synthesized by the function 
generator. The receive sample rate can be adjusted from 1 ksample/s to 1 Msample/s. The high- 
speed A/Ds are simultaneously triggered with the function generator to provide an accurate 
signal velocity measurement. RS-232 serial communications are used to collect data from the 
CTD. The parallel I/O and low-speed A/D are used to provide feedback and control of the 
ISSAMS subsystems. 

ISSAMS Probes: ISSAMS uses a single radial-poled ceramic element in each of the four 
compressional wave probes. The compressionahwave-probes have-Trmodular design-that aHows 
for easy repair and for use of probe tips made of different materials. The current probes have a 
resonant frequency of 38 kHz, which is the frequency that most measurements are made. Both 
transmit and receive compressional wave probes are identical except for a 40-dB gain 
preamplifier in the receive probes. 

The shear wave probes used on ISSAMS are single, bimorph bender elements potted in a 
stainless steel frame with soft urethane. A thin, higher derometer polyurethane is used as a 
resilient outer coating to protect the ceramic during insertion. Transmit and receive shear wave 
probes are identical except for a 40-dB gain preamp located in the receive probes. Frequencies 
from 70 Hz to 2 kHz are used to make measurements with these probes. The shear probes are 
mounted to the ISSAMS frame using a neoprene-filled mount to reduce mechanical coupling 
between transmit and receive shear wave probes. 

2.3.2 GISSAMS: Gradient In-Situ Sediment Acoustic Measurement System 

Gradients of sediment shear wave velocity were measured using a pulse technique and probes 
similar to those employed by ISSAMS (Richardson et al. 1991). Transmit and receive probes are 
constructed of identical 31.75-mm square x 0.48-mm thick bimorph ceramic benders. The 
ceramics are potted in a stainless steel ring with soft silicone rubber (hardness = 35 shore A) to 
allow relatively unrestricted bender movement. A thin covering of much harder polyurethane 
resin (hardness = 80 shore A) holds the ceramics in place and provides a tough coating to protect 
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the ceramics during insertion into the sediment. Shear wave probes are attached to the ends of 
2.4-m hollow steel pipes and, during deployment probe orientation and distance below the 
sediment-water interface, are controlled by scuba divers using a PVC frame. Shear wave 
velocity was measured at 10-cm depth intervals and over 30- and 70-cm pathlengths parallel to 
the sediment-water interface. Shear waves are generated as a 2-6-cycle sine wave pulsed every 
0.5 s. Driving frequency (70-1000 Hz) and driving voltage (100-230 V p-p) depends on the 
varying mechanical load of sediments on the compliant bender ceramic face, sediment shear 
wave velocity and attenuation, and the pathlength between receive and transmit probes. 
Received signals are amplified with 40-dB preamplifiers mounted in receiver probe heads, 
bandpass filtered, and recorded with a digital waveform recording oscilloscope. Shear wave 
velocity is calculated from the measured time delay and known receiver-transmitter separation. 

2.3.3 Neptune 

Gradients of compressional wave velocity and attenuation were determined using a diver- 
operated probe system. Neptune uses compressional wave probes identical those of ISSAMS. 
The probes are attached to ends of a 3-m long, stainless steel, hollow pole. Probe distance is 
maintained at 50 cm by a stainless steel frame. Compressional wave velocity and attenuation 
were measured at 10-cm intervals using a pulse technique subsequent to the divers pounding the 
probes into the sediment. Driving frequency (38 kHz) and driving voltage (100 V p-p) are 
similar to thoseaised with ISSAMS-. .    . 

2.4      Geochemical and Mineralogical Measurements (Furukawa) 

2.4.1    Sediment Chemistry Measurements 

Pore water chemistry was studied on-selected box COFCS-(KW-PL-BC-1 41, 165, 194-, 208) and 
diver cores (KW-PL-DC-179, 180) taken on board the WFS Planet. Pore water samples were 
collected using a Jahnke-type pore water squeezer (Jahnke 1988) that prevented samples from 
exposure to air and subsequent oxidation. All core locations are indicated in the Results. 

Pore water samples were analyzed for intermediate inorganic sulfur species and total inorganic 
reduced sulfur species using iodometric titration (Grasshoff 1983; Fonselius 1983) within 10 min 
of the completion of sampling. Major and minor cation concentrations were determined using 
inductively coupled plasma spectroscopy (ICP) by Chuck Holmes at the USGS Denver office. 
The pore water samples were also analyzed for pH within 10 min of sampling. 

Total organic carbon content (TOC) was analyzed for the samples from box core KW-PL-BC- 
194. After the pore water was taken, the sediment samples were extruded, placed in zipper- 
sealed plastic bags, and stored in a freezer. The frozen samples were later analyzed for TOC at a 
commercial laboratory. 
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2.4.2 Mineralogy Analysis 

Bulk mineralogy was studied on the same selected cores mentioned above (KW-PL-BC-141, 
165, 194, 208; KW-PL-DC-179, 180). Each sediment sample was air-dried, ground using agate 
mortar and pestle, and mounted into the cavity of an aluminum sample holder for x-ray powder 
diffraction. 

Gravity core samples from KW-PE-GC-147 were first separated into clay, silt, sand, and gravel- 
sized fractions using settling and siphoning, and each was prepared for x-ray diffraction, x-ray 
diffraction data of the size-fractioned samples from the gravity core were used to conduct the 
Rietveld crystal structure refinement to quantify the relative amount of high-Mg calcite (BMC) 
and low-Mg calcite (LMC), as well as to determine the Mg contents of HMC. The Rietveld 
analysis was conducted using a Rietveld program DBWS9411 (Young et al. 1994). 
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3.0      Results 

3.1      Diver Cores, Vane Shear, and Bottom Roughness Measurements (Briggs) 

Locations of diver cores (DC), in-situ vane shear measurements (SP), and stereo photographs 
(DP) are displayed in Figs. 3.1.1 - 3.1.3 for the Dry Tortugas, Marquesas Keys, and Rebecca 
Shoal sites. Figs. 3.1.4-3.1.7 depict the vertical profiles of sediment geoacoustic and physical 
properties measured at the three sites. Fig. 3.1.8 shows the in-situ sediment shear strength 
measured at the Dry Tortugas site. 

The section denoted as Fig. 3.1.9 contains the digitized roughness profiles from stereo 
photographs collected at the Applied Physics Laboratory (APL) tower in the Dry Tortugas site. 
The following section denoted as Fig. 3.1.10 contains the sediment grain size distributions for 
cores collected from the three sites. 

Following the sediment grain size distribution histograms is a section denoted as Table 3.1.1 
consisting of sediment geoacoustic and physical property data in tabular form. 
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Fig. 3.1.9 Digitized profiles of relative sediment height from stereo photographs: 
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Fig. 3.1.10 Sediment grain size distribution histograms for the following cores: 
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KWPL118-1 
14 Feb 95   24-36.81 N   82-50.90 W    25 m 

KWPL118-5 
14 Feb 95   24-36.81 N    82-50.90 W     25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in.   Height = 0.86 in. 

Shear       Shear       Shear 
Depth     Strength   Strength   Strength 
(cm)        (lb/in2)      (g/cm2)       (kPa) 

DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

Shear       Shear       Shear 
Depth     Strength   Strength   Strength 
(cm)        (lb/in2)      (g/cm2)      ^kPa) 

1 0.04 2.47 0.24 1 0.05 3.3 0.32 
2 0.07 4.95 0.49 2 0.09 6.6 0.65 
3 0.12 8.25 0.81 

KWPL118-2 
14 Feb 95    24-36.81 N    82-50.90 W    25 m 

KWPL118-6 
14 Feb 95   24-36.81 N    82-50.90 W     25 m 

DIVER VANE SHEAR 
Vane Width= 0.86 in. Height = 0.86 in. 

Shear        Shear       Shear 
Depth     Strength   Strength   Strength 
(cm)        (lb/in2)     (g/cm2)      (kPa) 

1 
2 

0.02 
0.13 

1.65 
9.07 

0.16 
0.89 

KWPL118-3 
14 Feb 95   24-36.81 N    82-50.90 W    25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

Shear       Shear       Shear 
Depth     Strength   Strength   Strength 
(cm)        (lb/in2)      (g/cm2)       (kPa) 

1 0.07 4.95 0.49 
2 0.08 5.77 0.57 

KWPL118-4 
14 Feb 95 24-36.81 N 82-50.90 W    25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in.   Height = 0.86 in. 

Shear       Shear       Shear 
Depth     Strength   Strength   Strength 
(cm)        (lb/in2)      (g/cm2)       (kPa) 

DIVER VANE SHEAR 
Vane Width ■ 0.86 in.   Height = 0.86 in. 

Depth 
(cm) 

1 
2 
3 

Shear       Shear       Shear 
Strength   Strength   Strength 
(lb/in2)     (g/cm2)       (kPa) 

0.05 
0.09 
0.12 

3.30 
6.60 
8.25 

0.32 
0.65 
0.81 

0.07 4.95 0.49 
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KWPL123-1 
14 Feb 95     24-36.81 N    82-50.90 W    25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

KWPL123-4 
14 Feb 95     24-36.81 N    82-50.90 W    25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

Shear Shear Shear Shear Shear Shear 
Depth Strength Strength Strength Depth Strength Strength Strength 
(cm) (lb/in2) (g/cm2) (kPa) (cm) (lb/in2) (g/cm2) (kPa) 

3 0.14 9.90 0.97 3 0.19 13.19 1.29 
4 0.28 19.79 1.94 4 0.47 32.98 3.23 
5 0.32 22.46 2.20 5 0.46 32.36 3.17 
6 0.41 28.87 2.83 7 0.55 38.55 3.78 

8 0.55 38.32 3.76 
KWPL123-2 
14 Feb 95     24-36.81 N    82-50.90 W    25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

Shear Shear Shear 
Depth Strength Strength Strength 
(cm) (lb/in2) (g/cm2) (kPa) 

3 0.14 9.90 0.97 
4 0.28 19.79 1.94 
5 0.37 25.76 2.53 
6 0.41 28.87 2.83 
7 0.36 25.36 2.49 
8 0.45 31.73 3.11 
9 0.54 38.08 3.73 

KWPL123-3 
14 Feb 95      24-36.81 N    82-50.90 W    25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

Depth Strength Strength Strength 
(cm) (lb/in2) (g/cm2) (kPa) 

3 0.38 26.39 2.59 
4 0.42 29.69 2.91 
6 0.55 38.76 3.80 
7 0.55 38.55 3.78 
10 0.54 37.83 3.71 
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KWPL135-1 
15Feb95      24-36.81 N    82-50.91 W    25 m 
DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

Depth 
(cm) 

7 
8 
9 

Shear 
Strength 
(lb/in2) 

0.64 
0.83 
0.54 

Shear 
Strength 

Shear 
Strength 

(g/cm<)       (kPa) 

45.15 
58.11 
38.08 

4.43 
5.70 
3.73 

KWPL135-4 
15Feb95      24-36.81 N    82-50.91 W     25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

Shear Shear Shear 
Depth Strength Strength Strength 
(cm) (lb/in2) (g/cm2) (kPa) 

7 0.74 51.74 5.07 
8 0.87 61.41 6.02 
9 0.82 57.87 5.68 

KWPL135-2 
15Feb95     24-36.81 N   82-50.91 W    25 m 

KWPL135-5 
15Feb95     24-36.81 N    82-50.91 W    25 m 

DIVER VANE SHEAR DIVER VANE SHEAR 
Vane Width = 0.86 in Height = 0.86 in. Vane Width = 0.86 in. Height = 0.86 in. 

Shear Shear Shear Shear Shear Shear 
Depth Strength Strength Strength Depth Strength Strength Strength 
(cm) (lb/in2) (g/cm2) (kPa) (cm) (lb/in2) (g/cm2) (kPa) 

7 0.88 61.64 6.04 7 0.45 31.95 3.13 
8 0.73 51.52 5.05 8 0.50 35.03 3.43 
9 1.01 71.07 6.97 9 0.73 51.28 5.03 

10 0.91 64.22 6.30 
KWPL135-3 11 0.86 60.65 5.95 
15Feb95 24-36.81 N    82-50.91 W    25 m 14 0.90 63.08 6.19 

DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. 

Shear Shear Shear 
Depth Strength Strength Strength 
(cm) (lb/in2) (g/cm2) (kPa) 

7 0.64 45.15 4.43 
8 0.83 58.11 5.70 
9 0.78 54.58 5.35 
10 0.87 60.92 5.97 
11 1.00 70.55 6.92 
12 1.05 73.57 7.21 
13 1.09 76.57 7.51 
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KWPL150-1 KWPL150-2 I 
17 Feb 95 24-36.78 N    82-50.95 W    25 m 17 Feb 95 24-36.78 N    82-50.95 W     25 m 

DIVER VANE SHEAR DIVER VANE SHEAR 
Vane Width = 0.86 in. Height = 0.86 in. Vane Width = 0.86 in. Height = 0.86 in. 

Shear Shear Shear Shear Shear Shear                                             ■ 
Depth Strength Strength Strength Depth Strength Strength Strength                                           * 
(cm) (lb/in2) (g/cm2) (kPa) (cm) (lb/in2) (g/cm2) (kPa) 

10 0.73 51.02 5.00 10 1.48 103.80 10.18                                               8 
11 0.82 57.35 5.62 11 1.28 90.34 8.86 
12 1.56 109.85 10.77 12 1.66 116.45 11.42                                                M 
13 0.90 63.38 6.22 13 2.22 155.74 15.27                                                1 
14 1.27 89.47 8.77 14 2.40 168.63 16.54 
15 2.39 168.31 16.51 15 2.02 141.93 13.92 
16 2.76 194.38 19.06 16 3.14 220.77 21.65                                                1 
20 3.40 239.17 23.45 20 2.75 192.99 18.93                                               ■ 
25 4.22 296.60 29.09 25 2.91 204.25 20.03 
30 3.25 228.50 22.41 30 4.00 281.27 27.58                                               ■ 
35 2.84 199.79 19.59 35 3.40 239.38 23.47                                               | 
40 4.31 302 86 29.70 65 4.10 288.25 28.27 
50 3.86 271.04 26.58 

KWPL150-2 
17 Feb 95 24-36.78 N    82-50.95 W     25 m 

DIVER VANE SHEAR 
Vane Width = 0.86 in. 

Shear 

Height = 

Shear 

0.86 in. 

Shear 
Depth     Strength Strength Strength 
(cm) (lb/in2) (g/cm2) (kPa) 

10 1.66 116.99 11.47 
11 1.66 116.72 11.45 
12 2.03 142.83 14.01 
13 1.28 89.77 8.80 
14 2.40 168.63 16.54 
15 1.46 102.35 10.04 
16 2.95 207.57 20.36 
20 2.75 192.99 18.93 
25 2.15 151.47 14.85 
30 3.81 268.08 26.29 
35 3.59 252.57 24.77 
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3.2      Index Properties and DIAS Measurements (Lavoie and Stephens) 

Station locations are given in Figs. 3.2.1, 3.2.2, 3.2.5, and 3.2.6. Depth profiles are shown in Figs. 
3.2.3 and 3.2.4. The DIAS results are tabulated in Table 3.2.1. The DIAS results have been 
combined into one in situ profile of measured shear modulus in the Tortugas and another profile in 
the Marquesas. Both profiles are plotted on Fig. 3.2.7 along with the ISSAMS and GISSAMS data 
for comparison. The curve marked "predicted" was calculated using Bryan and Stall's model 
(1988) for predicting shear wave velocity from void ratio. All the in situ data agree well with the 
predicted shear wave velocity above -80 cm. A distinct shelly layer at that depth may be 
responsible for scatter in the data between probes (due to coupling problems with the DIAS 
system). The data begin to converge just below the shelly layer. 
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Figure 3.2.1 Dry Tortugas Test Site Gravity Core Locations 
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Figure 3.2.2. Marquesas Test Site Gravity Core Locations 
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Figure 3.2.3 Depth profiles of wet bulk density, grain density, water 
content, and porosity 
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Figure 3.2.4 Depth profiles of void ratio, compressional wave velocity, 
calcium carbonate content, and mean grain size 
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Figure 3.2.5 DryTortugas Test Site DIAS Locations 
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Figure 3.2.7 ln-situ shear wave velocities measured 
at the Dry Tortugas and Marquesas sites. 
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Table 3.2.1 Key West Dias Data: FY95 

SITE ID Depth of 
insertion 

G (N/m2) Vs  (m/s) 

DRYTORTUGAS 

SITE 139 25cm 6.52E+06 63 
40cm 1.01E+07 78 

SITE 148 60cm 9.18E+06 75 
85cm 5.30E+06 57 

SITE 160 30cm 1.18E+07 85 
50cm 7.82E+06 69 

SITE 169 

70cm 7.53E+06 68 
90cm 6.66E+06 64 

MARQUESAS 

SITE 185 30cm 8.48E+06 
8.48E+06 

72 
72 

50 cm 1.16E+07 
1.15E+07 

84 
83 

70 cm 5.14E+06 56 

SITE 196 75 cm 4.65E+06 
4.98E+06 
3.03E+06 
3.00E+06 

53 
55 
43 
43 
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3.3 In-Situ Geoacoustic Measurements (Richardson) 

ISSAMS was deployed at 12 sites near the Dry Tortugas, two sites at Rebecca Shoals, and one 
site north of the Marquesas. Station locations can be found in Figs. 3.3.1 and 3.3.2 with a 
summary of the mean and range of values of shear and compressional wave velocity as well as 
compressional wave attenuation presented in Table 3.3.1. Comparison of values of laboratory 
and in-situ geoacoustic properties to sediment physical properties are found in Tables 3.3.2 
through 3.3.5. Gradients of shear and compressional wave velocity in the upper 2 m of sediment 
were all measured near the Planet site (see Fig. 3.3.2). Values are presented in tabular (Tables 
3.3.6 and 3.3.7) and graphical (Figs. 3.3.3 and 3.3.4) form. 
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Figure 3.3.2 Shear and compressional wave velocities for sampling locations in the 
Dry Tortugas. The map of surface sediment thickness and locations of reef material 
was prepared from 100 kHz side-scan sonar and 3.5-kHz subbottom profile data by 
Hannelore Fiedler of FWG (Kiel, Germany). 
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Figure 3.3.3 Gradient of shear wave velocity (m/s) from carbonate sediments at the 
Planet site, Dry Tortugas, Florida Keys. 
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Figure 3.3.4 Gradient of compression^ wave velocity (m/s) from carbonate sediments 
at the Planet site, Dry Tortugas, Florida Keys. 

368 



Table 3.3.1 Summary of values of in-situ sediment geoacoustic 
properties of the Key West Campaign 

tation vf »(m/s) Alpha (dB/m) Vs (m/s) 
Mean Range Mean Range Mean Range 

236 1537 (1524-1555) 12.9 (10-18) 40.2 (28-56) 

241 1545 (1526-1563) 12.7 (9-18) 52.5 (38-66) 

242 1544 (1532-1559) 12.3 (9-17) 52.1 (46-60) 

251 1541 (1530-1555) 14.7 (6-23) 57.7 (49-63) 

253 1558 (1544-1571) 13.9 (7-18) 73.5 (62-88) 

255 1581 (1566-1592) 23.2 (19-27) 92.8 (83-110) 

257 1551 (1537-1562) 14.3 (9-18) 72.8 (61-97) 

265 1672 (1642-1697) 28.8 (21-43) 98.8 (75-116) 

266 1576 (1546-1637) 19.9 (8-35) 78.2 (51-118) 

274 1573 (1552-1602) 15.4 (7-24) 75.1 (52-91) 

280 1536 (1518-1548) 10.8 (3-16) 54.3 (39-67) 

284 1567 (1551-1589) 14.6 (8-23) 85.1 (74-91) 

286 1600 (1589-1616) 23.2 (19-28) 82.2 (77-91) 

288 1697 (1668-1725) 18.1 (12-25) 143.8 (129-154) 

290 1708 (1684-1728) 25.5 (14-33) 129.6 (123-140) 
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Table 3.3.6. Gradients of compressional wave velocity (m/s) measured using Neptune at four 
locations near the "PLANET" site in the Dry Tortugas, Florida Keys. Probe distances were 50 
cm and the transmit frequency was 38 kHz. 

Station # KW91 KW119 KW139 KW202 

Depth (cm) 
10 1511.9 1521.6 1530.9 
20 1528.9 1531.8 1534.3 
25 1532.0 
30 1528.4 1536.6 1542.6 
40 1544.9 1540.5 
50 1542.5 1558.0 1539.1 
60 1542.5 1548.3 
70 1546.3 1551.2 
75 1627.0 
80 1544.4 1628.0 1555.6 
90 1549.7 1559.4 
100 1550.2 1558.5 
110 1566.2 1560.9 
120 1572.5 1564.8 
130 1575.0 1574.9 
140 1580.3 
150 1588.0 

Table 3.3.7. Gradients of shear wave velocity (m/s) measured using GISSAMS at 3 locations 
near the "PLANET site" in carbonate sediments of the Florida Keys. Transmit and received 
probes were located 40 cm (N) and 100 cm (F) apart. 

Station # 97N 97F 108N 108F 148N 

Depth (cm) 
25 52.7 
50 79.3 84.5 
75 84.6 85.1 82.6 
100 88.5 64.8 74.7 
125 89.5 

73.1 
68.4 
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3.4      Sediment Chemistry and Mineralogy Measurements (Furukawa) 

Locations of diver cores and box cores are shown in Figs. 3.4.1 and 3.4.2. 

Sulfur speciation andpH 

The results of aqueous sulfur speciation and pH analysis are shown in Table 3.4.1. Note that the 
detection limit is different for each sample due to the varied amounts of pore water samples 
recovered. 

ICP analysis 

The results of ICP analysis are shown in Table 3.4.2. 

Total Organic Carbon (IOC) 

The results of TOC analysis are shown in Table 3.4.3. 

X-ray diffraction 

The X-ray diffraction profiles of cores KW-PL-BC-141, 165, 194, 208 and KW-PL-DC-178 are 
shown in Figs. 3.4.3-3.4.7. The peaks indicate the presence of aragonite, HMC, LMC, and 
occasional minor quartz. The x-ray diffraction profiles of the gravity core, separated into clay-, 
silt-, and sand-sized grains, are shown in Figs. 3.4.8-3.4.10. They show the increase in the 
intensity of HMC peaks at depths. 

Rietveld method of crystal structure refinement 

The quantitative analysis using Rietveld method resulted in the HMC/LMC ratio shown in Fig. 
3.4.11. The Mg contents of HMC calculated using the cell constants derived by the Rietveld 
method are shown in Fig. 3.4.12. 
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Figure 3.4.11 HMC/LMC ratio of sand-, silt-, and clay-sized samples from KW- 
PE-GC-147. 
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Figure 3.4.12 Mg contents of HMC in samples from KW-PE-GC-147. 
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Table 3.4.1. Results of aqueous sulfur speciation and pH analysis 

Core ID Depth (cm) Ereduced* (mM) Intermediate** (mM) pH 
KW-PL-BC-141 1 

2 
6 
7 
10 
13 
14 

<0.1 

0.1 

<0.2 

7.63 
7.69 

7.66 

7.74 
18 0.4 7.79 
22 0.8 7.76 
26 0.2 
30 0.9 

KW-PL-BC-165 3 <0.02 7.63 
7 <0.02 7.88 
11 <0.02 7.77 
15 <0.02 
19 0.04 7.84 
28 0.02 

KW-PL-DC-180 1 
3 
5 
7 
9 
11 
13 

0.01 

0.04 

0.05 

7.53 

7.67 

7.68 

7.75 
15 0.11 0.06 
17 7.71 
19 0.07 
22 7.80 
24 0.04 

KW-PL-BC-194 3 <0.02 0.01 7.76 
7 0.04 0.03 7.57 
11 0.04 0.03 7.74 
15 0.03 7.80 
18 7.93 
19 0.03 
22 7.82 
23 0.10 
26 7.77 
28 <0.03 

KW-PL-BC-208 1 
5 
13 
17 
22 

7.74 
7.72 
8.05 
7.96 
7.99 

♦Ereduced sulfursIfS^MSzC^MSOs2"] 
»»Intermediate sulfur=[S2032']+[S032'] 

389 



Table 3.4.2. The results of ICP analysis 

KW-PL-BC-141 

Depth (cm) 
2 

B(ppb) 
3700 

Ca (ppm) 
460 

K(ppm) 
410 

Li(ppb) 
<200 

Mg(ppm) 
1300 

Na(ppm) 
9800 

Si (ppm) 
5 

Sr(ppb) 
8400 

6 4600 520 470 200 1400 11000 4.9 9500 
10 3900 470 420 210 1300 10000 4.1 8400 
14 4000 470 420 <200 1300 10000 4.9 8500 
18 3900 470 420 <200 1300 10000 4.7 8200 
22 4100 490 450 210 1400 11000 5.3 8500 

KW-PL-BC-165 
Depth (cm) 

3 
B(ppb) 
4000 

Ca(ppm) 
500 

K(ppm) 
450 

Li(ppb) 
230 

Mg (ppm) 
1400 

Na(ppm) 
11000 

Si (ppm) 
5.7 

Sr(ppb) 
8900 

7 4500 540 490 270 1500 12000 5.1 9300 
11 4200 510 470 <200 1400 11000 4.3 8900 
15 3500 470 430 240 1300 10000 4.5 7800 
19 4100 510 460 220 1500 11000 4.2 8700 
24 4000 500 450 <200 1400 11000 3.3 8300 

KW-PL-DC-179 
Depth (cm) 

1 
B(ppb) 
3600 

Ca(ppm) 
520 

K(ppm) 
440 

Li(ppb) 
220 

Mg(ppm) 
1400 

Na(ppm) 
11000 

Si (ppm) 
4.3 

Sr(ppb) 
8800 

5 4000 510 450 220 1400 11000 5.8 8700 
9 3600 470 410 200 1300 10000 5.1 8000 
13 3500 470 410 <200 1300 10000 3.5 7900 
17 3700 470 430 200 1400 10000 3.8 7900 
22 3900 500 450 <200 1400 11000 3.7 8500 

KW-PL-BC-194 
Depth (cm) 

3 
B(ppb) 
3900 

Ca (ppm) 
520 

K(ppm) 
450 

Li(ppb) 
200 

Mg (ppm) 
1400 

Na (ppm) 
11000 

Si (ppm) 
4.8 

Sr(ppb) 
8900 

7 3800 510 440 260 1400 11000 8.3 8600 
11 3900 500 440 200 1400 11000 4.8 8600 
15 3500 460 410 200 1300 9800 3.6 7800 
18 4400 540 480 <200 1500 11000 3.2 9300 
22 3700 480 420 <200 1400 10000 3 8200 
26 3300 450 400 210 1300 9600 2.9 7600 

KW-PL-BC-208 
Depth (cm) 

1 
B(ppb) 
3700 

Ca(ppm) 
480 

K(ppm) 
430 

Li(ppb) 
<200 

Mg(ppm) 
1400 

Na(ppm) 
10000 

Si (ppm) 
4.6 

Sr(ppb) 
8400 

5 3200 440 390 <200 1200 9300 9 7400 
13 3200 440 410 <200 1300 9600 5.1 7400 
17 3400 470 410 200 1300 10000 4.9 7700 
22 3900 520 470 220 1500 11000 4.6 8600 
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Table 3.4.3. Results of total organic carbon analysis 

KW-PL-BC-194 
Depth (cm) 

1 
TOC (weight%) 

0.41 
3 0.28 
7 0.26 
11 0.31 
15 0.26 
19 0.30 
25 0.20 
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